The work is devoted to the interpretation of Ulysses and Voyager spacecrafts data on solar cosmic rays fluxes. Particles move around turbulent magnetic field lines over spiral curves. Considering only their projections on these lines, we see a one-dimensional walk with a finite speed. Taking an inverse power law for the free path distribution leads to the differential equation with partial derivatives of fractional orders. Its solution gives the propagator which provides coincidence with observed data not only in the asymptotical region as obtained by Perri and Zimbardo (2007) , but in the intermediate one as well.
Introduction
Diffusive transport is an important aspect of the propagation of solar cosmic rays in the interplanetary medium [1] . Until recently, it was believed that the intensity of solar energetic particles can be described with an ordinary diffusion equation [2, 3] . But experimental data [4, 5] and direct numerical simulation of particle propagation in the presence of magnetic turbulence [7] [8] [9] have shown that anomalous diffusion regimes can be found. The term "anomalous diffusion" relates to the case when the size ∆(t) of a diffusion packet grows with time slower (subdiffusion) or faster (superdiffusion) then in the normal (Gaussian) case when ∆(t) ∝ t 1/2 [11] [12] [13] [14] . It should be noted that numerical results [7] [8] [9] predict superdiffusion for particle longitudinal (with respect to magnetic field line) transport depending on the turbulence level, the turbulence anisotropy, and the ratio of the Larmor radius over the turbulence correlation length. The absence of subdiffusive regimes in longitudinal propagation indicates the lack of localization events for particle motion in interplanetary magnetic field (Fig. 1) . Perri and Zimbardo [4] [5] [6] analysed data sets of interplanetary shocks in the solar wind, the CIR-associated forward and reverse shocks detected by spacecrafts Ulysses and Voyager 2. They proposed the procedure for computing the energetic particle profiles by means of a propagator formalism: namely, the propagator G(x, t) determines the probability density function of the longitudinal displacement during time t. In Ref. [4] , authors substantiate that the source of energetic particles accelerated at interplanetary shock waves associated with corotating interaction regions can be described by a distribution function
where f 0 (E) represents the distribution function of particles of energy E emitted at the shock front, V sh is the shock wave speed. Substituting Gaussian propagator
and f sh (x, E, t) into the formula for the particle time profile
they obtained the exponential decay function
Here x is a distance upstream from the shock, D parallel diffusion coefficient. This result is consistent with the observed data for protons presented in Ref. [5] (Fig. 2,a) . But the observed time profiles presented in Ref. [5] (for electrons) and in Ref. [6] (for electrons and protons) can not be approximated by this function (Fig. 2,b) . where h is the time expressed in hours.
To describe superdiffusive regime, Perri and Zimbardo [4] [5] [6] take asymtotic power-law tails obtained by Zumofen and Klafter [15] for Lévy walks:
where b is a constant and 1 < α < 2. Substituting propagator (5) and source function (1) into the formula for the particle time profile, they obtained a power law dependence
that is consistent with tails observed in the data on the intensity of solar energetic particles (Fig. 3,a) . The power-type decay of propagator may serve as a sign of its belonging to the family of fractional differential equation solutions [16] . Taking into account that the fractional calculus has proved oneself to be an effective tool in galactic cosmic ray modeling [17] . We involve it in our subsequent consideration. As a result we find propagators of an asymmetric one-dimensional fractal walk with finite speed, which are consistent with (5) . Using these propagators we calculate the particle time profiles which describe not only the tails of the observed kinetics, but the middle part as well, including the observed kink. 
Integral equation of the longitudinal diffusion of a guiding center
We start with considering the random walk of particles along magnetic field lines. Assuming that the time needed for particles to pass between lines is small, the longitudinal motion can be considered as a continuous one although may reverse the direction at random instants of time. The onedimensional symmetric random walk of a particle with a constant velocity v along z-axis in the absence of traps is completely characterized by the distribution density of its free paths. In a medium consisting of uniformly distributed independent scatterers, free paths are distributed according to the exponential law, and the process is governed by a second-order partial differential equation (the telegraph equation) [18] . The solution of this equation is expressed in terms of the modified Bessel functions and transforms into the normal (Gaussian) distribution in the asymptotic regime of large times. In case of an arbitrary density p(z) with a finite second mo-ment, the asymptotic part of the solution satisfies the telegraph equation. In Refs. [19] [20] [21] , authors investigated one-dimensional random walks with the asymptotically power-law distribution p(ξ) ∝ ξ −α−1 , 0 < α < 2, which are sometimes called fractal walks.
Consider a one-dimensional random walk of a particle with a finite speed v along the z-axis. Its pdf at the moment t (longitudinal propagator) is linked with the collision density f (z, t) via relation
where
and p(z) stands for the free path pdf. After each path, the particle goes in the positive direction with probability γ 1 , and in the negative direction with probability γ 2 = 1 − γ 1 . If the particle starts from the origin at moment t = 0, the integral equation for f (z, t) takes the form [14] :
In the case of an exponential path length distribution,
Pair of equations (6) and (7) can be combined into a unique integral equation, for the longitudinal density G(z, t):
It is equivalent to the generalized telegraph equation [22] , whose solution is of the form
means the density of unscattered particles, and
represents the density of multiple scattered particles [18] .
Asymptotic solutions for different regimes of longitudinal random walks
After the Fourier-Laplace transformatioñ
integral relations (6) and (7) become algebraic ones
and
denotes the Laplace transform of the path length distribution. Skewness parameter β = γ 1 − γ 2 = 2γ 1 − 1. Resolving relations (13) with regard to the propagator transform yields
Substituting expressions (14) and (15) into (16), we obtain:
Consider two cases of fractal walk. Let an asymptotic expansion (λ → 0, i.e. t → ∞) of the Laplace transformp be of the form,
This case corresponds to the density with "heavy power law tail" p(z) ∼ αz 0 α z −α−1 , 0 < α < 1, and all moments of natural order diverge. The second case is characterized by a finite first moment (1 < α < 2),
Trajectories of symmetric fractal walks with finite speed for different α values are presented in Fig. 4 . (17), we obtain for the first casẽ
In Ref. [21] we inverted this transform in the symmetric case and expressed the result through elementary functions for all values of α of indicated interval. In the asymmetric case, we have G(x, t) = (21) = 2 sin πα πvt
Here C = γ 1 /γ 2 . Plots for these distributions for several values of α are presented in Figs. 5 and 6. The pdf of such type was obtained by Lamperti in frames of the mathematical theory of occupation times [23] and used in statistical physics of weakly non-ergodic systems [24] . Rewriting relation (20) in the form
and performing the inverse Fourier-Laplace transformation, we arrive at the equation with material derivatives of fractional order
The latter equation can be rewritten in the form
Multiplier (λ ± ivk) α in formulas derived above presents the FourierLaplace transform of the fractional material derivative [20] :
that can be verified by rewriting the operator in the Riemann-Liouville form:
and applying the Fourier-Laplace transformation. Consider the second case: 1 < α < 2 (the process of the second kind). For asymptotic λ → 0, k → 0, |λ/vk| → 0, the transform takes the form:
The inverse Laplace transformation leads to the characteristic functioñ
which is related to the characteristic functioñ
of the Lévy stable density g(x; α, β) by the following expressioñ
Passage to the spatial coordinate leads to the propagator: Relation (25) can be rewritten in the form
The inverse Fourier-Laplace transformation leads to the diffusion equation with a fractional operator. The calculation results for different α are presented in Figs. 5-9 in comparison with data of the direct Monte Carlo simulation. Qualitative distinction of these distributions is explained by competition between two processes: diffusion expanding according to the law ∝ t 1/α in the absence of restrictions, and ballistic motion bounding the particle position by segment [−vt, vt] . When α > 1, the first process dominates at large times: segment [−vt, vt], expanding rapidly, ceases to influence on diffusion. If α < 1, the role of kinematic restriction grows and the distribution begins to concentrate near the boundaries of segment [−vt, vt] . Fig. 8 shows variety of expansion dynamics for different values of α. Evolution of the simulated reduced propagator and its tendency to the asymptotic Lamperti distribution is presented in Fig. 9 in case of the Pareto distribution of path lengths (α = 0.75). It should be noted that the reduced asymptotic propagators for 0 < α < 1 are universal and do not depend on scale parameters of path length distributions.
Concluding remarks
The qualitative agreement of our calculation results with the spacecraft observation data confirms that the solar cosmic ray transport along magnetic field lines really can be interpreted as a one-dimensional asymmetric Lévy walk of non-interacting particles with a finite constant speed and power type asymptotic of the free path distribution. This conclusion is made on the base of a more consistent model developed with the use of an integral equation. The corresponding kinetic equation following asymp- 
